Microspectrofluorometric methods were developed for detection of mitochondrial metabolites and marker molecules in living cells. After excitation in the near uv and blue spectral ranges, respiratory-deficient strains of Saccharomyces cererisiae showed higher levels of intrinsic fluorescence than corresponding wild types. This may be attributed to an increased emission by NADH and flavin molecules of the mutants. After incubation with the mitochondrial marker rhodamine 123, there was a strong indication that an energy transfer from flavin to rhodamine molecules d , which was more (lA2405).
In ttoduc tion
An increasing number of diseases, such as mitochondrial myopathies, have been correlated with defects of the mitochondrial respiratory chain (for a survey see, e.g., 1-3). For localization of these defects and measurement of the function of the respiratory chain, cell destruction and complex biochemical procedures are often necessary. In contrast to this, fluorescence techniques are non-destructive and are suitable to detect specific metabolites as well as their states of oxidation. Under excitation at about 361 nm, the intrinsic fluorescence of cells is often attributed to the coenzymes NADH or NADPH in their reduced form (4,5), whereas excitation around 380 nm or 410 nm mainly induces flavin fluorescence (5) (6) (7) . NADH and flavin molecules are both involved in the redox reactions of the inner mitochondrial membrane. If the electron transfer within this membrane is blocked or hindered (e.g., due to the lack of specific cytochromes), the states of oxidation of NADH and flavins may change. This should result in an alteration of their fluorescence intensities.
To avoid a superimposition of mitochondrial and cytoplasmatic fluorescence, we incubated part of our cells with rhodamine 123, a mitochondrial marker (8, 9) . If a transfer of excitation energy occurs from mitochondrial metabolites to the marker molecules, the latter can be used to probe the function of the respiratory chain. Therefore, if more NADH or flavin molecules are excited, the fluorescence of the marker molecules will increase. Thus far, resonance energy transfer according to the Forster mechanism (10) has been used for measuring intermolecular distances in plasma membranes (11, 12) or enzyme binding sites (13) .
We examined the function of the respiratory chain using yeast cells (Saccharomyces cerevzsiae) with well-known defects as a model system. The methods established with this system were then applied to fibroblasts from patients whose diseases were ascribed to mitochondrial deficiencies. All measurements were carried out with single cells or small numbers of cells from monolayers, using microscopic equipment. Therefore, all cells could be checked visually and signals arising from the surrounding medium could be excluded. were grown for 24 hr at 30'C in a complex agar medium (YF'D; Difco, Detroit. MI) containing 2% dextrose. Additional cells of the three wild types were grown in dextrose-free agar (YPG, containing 3% glycerol instead of dextrose). The results obtained for these wild types in both cases agreed within the limits of error; it was therefore concluded that the respiration was intact.
Materials and Methods
One part of the yeast cells was incubated with rhodamine 123 (R123; SCHNECKENBURGER, GESSLER, PAVENSTAIZT-GRUPP Sigma, Deisenhofen, Germany). In this case, the outer cell wall had to be removed by the enzyme cymolyase (3-5 mgl100 ml culture medium). After this procedure, the inner plasma membrane and the function of the cells appeared still intact; in particular, the intrinsic fluorescence of the cells did not change after the removal. The cells treated by the enzyme were rinsed two or three times with 1.4 M D-sorbit solution before R123 incubation for 3 hr at a concentration of 5 pglml and re-rinsing. For the microscopic measurements, samples of all yeast strains were centrifuged and dispersed as monolayers on the object slides. Human skin fibroblasts had been obtained from patients with the following diseases (Coriell Institute for Medical Research, Camden, NJ): Spinocerebellar ataxia (cell line GMO 4319), including Type I1 muscle atrophy, retinitis pigmentosa, internuclear ophthalmoplegia, bilateral ptosis, and divergent strabismus. The karyotype is described as 46,xy:46,xy,de1(13) (q14,q22) at a relation of 92%:8%; Kearns-Sayre syndrome (cell line GMO 6225), including external ophthalmoplegia with retinal degeneration, ptosis, myocardial fibrosis with congestive heart failure, muscle weakness, diabetes, and absence of sweat. The karyotype is not available; Leber-like optic atrophy (cell line GMO 3858), with decreased visual acuity. The mitochondrial DNA of lymphocytes of this patient contains the base sequence of the Sfa NI restriction enzyme. Owing to a point mutation in the subunit 4 of NADH dehydrogenase (16) , histidine is intercalated instead of arginine. The defect was thus localized in complex I of the respiratory chain; and myopathy with giant abnormal mitochondria and skeletal muscle hypermetabolism (cell line GMO 0028). Defects of this cell line can be checked visually by electron microscopy.
As a control cell line, normal human skin fibroblasts (NHSF 3348) were used. All fibroblasts were grown on microscopic object slides at 37'C and 5 % CO2 content in medium MEM containing 20 mM L-glutamine, penicillin-streptomycin, and 20% fetal calf serum (FCS, non-inactivated). The experiments were carried out after the seventh passage of the cell lines GMO 4319 and GMO 6225, the ninth passage of GMO 3858 and GMO 0028, and the eleventh passage of the cell line NHSF 3348. Part of the cells were incubated with rhodamine 123 (5 pglml culture medium) for 3 hr and were rinsed with R123-free medium immediately before starting the experiments.
Apparatus. Fluorescence spectra of microscopic samples were detected from object fields 33 pm (SucchatomyceJ) or 17 pm (fibroblasts) in diameter. In the first case, monolayers of 25-30 yeast cells were measured simultaneously; in the second case, the perinuclear region of single fibroblasts was selected. This selection was necessary to exclude the non-fluorescent nucleus.
For all measurements a microspectrofluorometer (Zeiss, UMSP 80) with variable excitation and emission wavelengths and an additional path for transillumination ( Figure 1 ) was used. Emission spectra ofthe intrinsic fluorescence were elicited at two different excitation wavelengths, as shown in Table 1. The fluorescence intensity was determined at 470 nm and 520 nm, corresponding to the emission maxima of NADH and flavins, respectively. Energy transfer of cells incubated with R12 3 was deduced from the fluorescence excitation spectra with a fixed detection wavelength of 530 t 10 nm (half-bandwidth 20 nm). The power density of irradiation was limited to less than 100 mW/cm2 for all measurements to avoid photochemical reactions during the measuring time of 20-30 sec in each case.
For visualization of the uptake and intracellular distribution of rhodamine 123, we used a confocal laser scanning microscope (Zeiss) which had been modified such that the fluorescence could be detected from equidistant horizontal planes. Electron microscopy was carried out with all lines of the fibroblasts cultured and fixed on melamine foil ("whole mount") (17) . Whole cells were analyzed in a Zeiss EM 10. Photos were used to measure the mitochondrial length.
Statistics.
Mean values and standard deviations were determined from individual measurements of each cell line. Since for the fibroblasts a comparison of the variances turned out to be essential, multiple comparisons according to Bonferroni-Holm using the Bartlett test were carried out (18) . The hypothesis of equal variances was tested on a common significance level, a = 0.1.
Results

Saccharomyces cerevisiae
Preliminary spectra of the intrinsic fluorescence of respiratory deficient (MK 20) and intact (DL 1) Saccharomyces were shown in a previous report (19) . After excitation at about 365 nm the spectra were dominated by a broad emission band with a maximum around 470 nm. At blue light excitation (395-440 nm), another band with a maximum around 520 nm was found. The results of a quantitative evaluation of six or seven individual measurements of the autofluorescence at 470 nm and 520 nm, respectively, are given in Figures 2a and 2b . In each measurement the relative fluorescence intensity of a group of 25-30 individual yeast cells was determined. Figure 2a shows that at 470 nm the autofluorescence of all respiratory-deficient yeast strains was higher than that of the intact strains DL 1 and D 273/10B. A similar result, with less pronounced differences and an exceptionally low value of the respiratory defect strain MK 2, was obtained at the detection wavelength of 520 nm (Figure 2b ). It should be mentioned that for both wavelengths the fluorescence intensity of the "wild type" DBY 747 was as high as that of the respiratory-deficient strains. Additional measurements of bioluminescence showed that the NADH content of DBY 747 was comparatively low. Therefore its high autofluorescence may be of another, thus far unknown origin. After incubation of the cells with rhodamine 123, the emission spectra were dominated by the rhodamine 123 band with a maximum at 530-540 nm, which was about 10 times more intense than the autofluorescence. To decide whether this band was excited by direct absorption of the rhodamine 123 molecules or via energy transfer, the fluorescence excitation spectra were recorded. When a detection wavelength of 530 10 nm was selected, two excitation maxima at 365 nm and 385-390 nm could be measured. The first did not change its intensity when the cells were incubated with rhodamine 123, whereas the second one became stronger after R123 incubation, as demonstrated in the previous study (19) . This increase could not be correlated with direct absorption of the rhodamine 123 molecules, since R123 solutions showed an extremely low absorption coefficient below 400 nm. The increase of fluorescence excitation at 385-390 nm after rhodamine 123 incubation is therefore interpreted as an absorption by intrinsic pigments of the cells (presumably flavin molecules) with a successive energy transfer to the R123 molecules. As shown in Figure 3 , the fluorescence excitation around 390 nm of the respiratory-deficient strain GDVO was more pronounced than that of the "wild-type" DBY 747. As a relative measure of energy transfer we tentatively used the ratio 1390/1475 of fluorescence excitation at 390 nm and 475 nm. The latter wavelength corresponds to the maximum of direct absorption by the rhodamine 123 molecules. The intensity ratio 1390/1475 is plotted in Figure 4 for all yeast strains (the respiratory-deficient strain GDVO replaced the strain GK 1614, which was no longer available for these experiments). Figure 4 shows that the intensity ratios varied between values of about 0.26 for the wild types DL 1 and D 273/10B and 0.53 for the respiratory-deficient strains MK 2 and GDVO. The other defective strains and the "wild-type" DBY 747 (with a remarkably high level of autofluorescence) showed intermediate values of about 0.33.
Human Fibroblasts
Autofluorescence and the fluorescence of rhodamine 123 were very low in the nucleus and most pronounced in the perinuclear region. This is demonstrated in Figure 5 for rhodamine 123 with confocal laser scanning microscopy. Object fields of the perinuclear region of individual cells were therefore selected for all spectroscopic measurements. All fluorescence spectra showed a similar course as those obtained from the Saccharomyces cerevisiae, with broad maxima of autofluorescence at 450-470 nm and 520 nm. The mean values and standard deviations of the relative intensities determined at 450 nm from nine or ten measurements of each cell line are shown in Figure 6 . The average intensities differed between the minimum value (of the cell line GMO 3858) and the maximum value (of the cell line GMO 4319) by less than a factor of 2. This deviation was smaller than the standard deviations of some of the cell lines. It is striking, however, that the standard deviation of the control line NHSF 3348 was considerably lower than that obtained from the cells of the patients with mitochondrial diseases. The multiple comparisons rejected the hypothesis of equal variances on a common significance level, a = 0.1, in the case of NHSF 3348 compared with GMO 0028, GMO 6225, and GMO 4319. Therefore, the lower dispersion of NHSF 3348 as compared with these GMO strains was significant. After incubation with rhodamine 123 the intensity ratio 1390/147> was determined in the same way as for Saccharomyces. For all lines of fibroblasts these ratios were similar or even lower than those ofthe respiratory-intact yeast strains DL 1 and D 273/10B (Figure 7) . Once again, the standard deviation of the control line NHSF 3348 seemed to be the lowest of all the fibroblasts. In contrast to autofluorescence, none of the multiple comparisons rejected the hypothesis of equal variances on the common significance level a = 0.1. Nevertheless, the larger dispersions of the GMO lines, as compared with NHSF 3348, indicate a certain tendency. of magnitude higher than that of the oxidized form (20), should therefore increase. Concomitantly, the redox states of the flavin molecules localized in Complexes I and I1 may change. In contrast to NADH, the fluorescence of the flavin molecules is excited preferentially in their oxidized form (7) . Flavin detection in the inner mitochondrial membrane becomes more selective if a transfer of excitation energy from the flavin molecules to the mitochondrial marker rhodamine 123 occurs. There is an indication that this energy transfer is more pronounced for the respiratory-deficient than for the intact yeast strains. The measurements carried out with human fibroblasts showed that the intensity of autofluorescence and the efficiency of energy transfer were similar for all cell lines. The lowest level of autofluorescence was obtained from GMO 3858. This result seems to be in contrast to the measurements for the respiratory-deficient yeast strains. However, whereas the defects of the latter are localized in Complex I11 or IV of the mitochondrial membrane, a defect in Complex I has been described for Leber-like optic atrophy (see above). This may result in different redox states of the molecules involved.
The larger variances measured for the GMO lines, as compared with the control cell line NHSF 3348, might result from mixed populations of intact and defective mitochondria, as previously reported in the literature (21, 22) . A comparison of mitochondrial length between the cell lines NHSF 3348 and GMO 0028 shows that GMO 0028 may contain a mixed population of "normal" and abnormally giant mitochondrial (Figure 8 ). This figure was obtained by measuring the length of 140 mitochondria in EM images of whole-mount preparations in each case.
The intrinsic fluorescence of NADH and flavin molecules, as well as the intensity ratio 1390/147) after rhodamine 123 incubation, seems to be a measure of respiratory-chain deficiencies. In cells containing mixed populations of intact and defective mitochondria, the information may be obtained from the variances rather than from the average intensities. Thus far, statistically different variances have been obtained only for NADH fluorescence, but more pronounced differences of the other parameters are expected from the examination of heart or skeletal muscle cells, since mitochondrial myopathies may affect these cells rather than skin fibroblasts (21, 22) . Until now the main purpose of our studies was to establish new in vivo methods for measuring reliable parameters of mitochondrial energy production.
